INTRODUCTION
The species diversity of some insect groups in urban areas increases while that of other insect groups decreases (Frankie & Ehler, 1978; McIntyre, 2000; Raupp et al., 2010) . Recently, it was suggested that urban areas provide footholds for the range expansion of invasive or distribution-extending insects, including ladybird beetles, (Sakuratani et al., 2000; Brown et al., 2011) , buprestid beetles (Poland & McCullough, 2006) , longicorn beetles (Dodds & Orwig, 2011) , butterfl ies (Itô, 2001) , cicadas (Takakura & Yamazaki, 2007; Moriyama & Numata, 2011) , ants (Silverman & Brightwell, 2008) and mosquitoes (Romi et al., 2006; Caminade et al., 2012; Li et al., 2014) , worldwide. It is evident that these insects increase and extend their distributions by using the physical structures, climate and food available in urban green spaces. From the viewpoint of urban ecology and invasion biology, it is important to clarify the life cycles, population dynamics, and host use of these invasive or range-extending species of insects in urban settings in order to understand how they have adapted to the urban climate and the food available in urban space.
gence of overwintered adults can be predicted using the lower developmental threshold (LDT) of the pre-oviposition period to calculate the sum of effective temperatures (SET) (Yanagi, 1980; Teixeira & Polavarapu, 2001; Yao, 2002) . Specifi cally, it is predicted to be the day when the cumulative difference between the daily maximum temperature (DMT) and LDT reach SET calculated from the day when DMT exceeds LDT (Yanagi, 1980; Yao, 2002) .
Therefore, using LDT of the pre-oviposition period for the population from Kyoto (12.7°C, Kiritani, 2012) , which is the closest population to Osaka for which this information is available, we calculated the temperature that accumulated from winter up to the fi rst day of emergence of overwintered adults. Namely, the difference in degrees centigrade between DMT and 12.7°C was integrated from the last day when DMT was less than 12.7°C to the fi rst day of emergence over the period [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] . To determine whether SET can be used to predict accurately the fi rst day of occurrence, we compared the cumulative temperatures in each year to the SET of the pre-oviposition period for the Kyoto population (54.3 day-degrees, Kiritani, 2012) . DMT of Osaka City recorded at the nearest meteorological station, 7 km from the study site, was obtained from an online database compiled by the Japanese Meteorological Agency (http://www.data.jma.go.jp/obd/stats/ etrn/index.php).
Correlations between day of fi rst occurrence, peak abundance and day of last occurrence, and meteorological conditions Seasonal activity of insects can be affected by seasonal changes in meteorological conditions, in addition to cumulative temperatures or critical photoperiods (Brittain, 1982; Fellers, 1989; Høye & Forchhammer, 2008) . Therefore, we determined the association between days of fi rst occurrence of overwintered and aestivating adults, peak abundance of overwintered and autumn generations and last occurrence of autumn generation, and meteorological conditions. Records of mean, maximum and minimum temperatures; mean humidity; and duration of sunshine on the above mentioned fi ve days in 2003-2011 were obtained from an online database compiled by the Japanese Meteorological Agency (http://www.data.jma.go.jp/obd/stats/etrn/index.php). Coeffi cients of variation (CV) for the nine years for each of the fi ve climatic measurements were calculated for each day. On the basis of these results, we determined the association between the phenology of this ladybird and changes in weather conditions.
RESULTS

Seasonal occurrence and aphid prey of C. sexmaculata in Osaka
The numbers of larvae, all adults and teneral adults of C. sexmaculata recorded in 30 min of searching from 10 March to 10 December are shown in Fig. 1 
for each year
We investigated the seasonal occurrence of C. sexmaculata in an urban park in Osaka City, this species was recorded between 2003 and 2011, in order to verify that it is permanently established there. In addition, to clarifying its response to fl uctuations in prey abundance and seasonal changes in climate, we recorded the aphid prey available for the different generations of this ladybird based on fi eld surveys and the association between this ladybird's activity and changes in meteorological conditions using an online database.
MATERIAL AND METHODS
Seasonal occurrence of C. sexmaculata in Osaka City
To investigate the seasonal occurrence of C. sexmaculata, we carried out fi eld surveys fi ve to seven times a month from 10 March 2003 to 10 December 2011. This study was carried out in Nagai Park (34°36´N, 135°30´E; altitude, 10 m; area, 65.7 ha), Osaka City, central Japan. Nagai Park is located in the centre of an urban area that is more than 10 km from the nearest suburban areas because of recent urbanization and is covered patchily with planted shrubs. We chose a 30-ha area with many planted shrubs. The fi eld surveys, which each lasted for 1-2 h between 10:00 and 13:00 on sunny or cloudy days, were carried out by the fi rst author (YK), and the time spent surveying was recorded. Planted shrubs and weeds where the aphid prey occurred were searched and the numbers of larvae, teneral (newly eclosed and thus not fully coloured) adults and post-teneral adults of C. sexmaculata were recorded (Table 1) . Then, the number of C. sexmaculata at each developmental stage recorded per 30 min of searching was calculated and the species of the aphids and their host plants were identifi ed. We transferred all the adults to the laboratory, determined their sex on the basis of their head colour (male, pearly white; female, muddy black; Sasaji, 1977) , and returned them on the same day to the plants from which they were collected.
To determine the number of generations per year for C. sexmaculata, the numbers of larvae, total adults (including both teneral and post-teneral), and teneral adults recorded per 30 min of searching were plotted on a graph, which revealed the population dynamics for each year from 10 March to 10 December 2003-2011. Deviations from a 1 : 1 sex ratio for each year from 2003 to 2011 was analyzed using χ 2 -tests for independence with JMP 11 Discovery (SAS Institute Inc., Cary, NC, USA).
Correlation between the emergence of overwintered adults and the sum of effective temperatures C. sexmaculata adults that emerge in autumn overwinter and emerge the following spring in Gifu, central Japan (Hukusima & Kouyama, 1974) . The association between the fi rst day on which freshly emerged adults were recorded and previous meteorological conditions was calculated. Generally, the fi rst day of emer- [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] . Aphid prey and host plants of the aphids are listed in Table 1 . First, we describe the seasonality of C. sexmaculata and its prey in 2003, as it is representative of the entire nine-year study. Overwintered (OW) adults were fi rst observed on 16 April in a colony of Aphis spiraecola Patch (Fig. 1) . Adult numbers increased with time and were most numerous on 29 April (Fig. 1 , arrow "a") and declined to their lowest level on 9 May. With the decrease in OW adults, larvae of the spring generation (SP) occurred in colonies of A. spiraecola and Aphis gossypii Glover. The number of larvae was the highest on 9 May (Fig. 1 , arrow "b"). With the decrease in SP larvae, teneral adults of SP occurred on the same hosts with SP larvae. The number of SP teneral adults was highest on 28 May (Fig. 1 , arrow "c"). On 6 June, larvae of the summer generation (SM) occurred in colonies of Uroleucon nigrotuberculatum (Olive) and Aphis nerii Boyer de Fonscolombe. SM larvae were most abundant on 12 June (Fig. 1, arrow "d") . The decrease in SM larvae and teneral adults of SM occurred on the same hosts with SM larvae. The number of SM teneral adults peaked on 21 June (Fig. 1 , arrow "e"). Neither C. sexmaculata nor aphids were observed from 6 August until adults that had over summered (OS) were found on 21 September in colonies of Tinocallis kahawaluokalani (Kirkaldy) and A. gossypii. After the appearance of OS adults, larvae of the autumn generation (AT) occurred on the same hosts together with OS adults, and the number of larvae peaked on 9 October (Fig. 1, arrow  "f") . AT teneral adults occurred on the same hosts with AT larvae. The number of AT teneral adults was highest on 1 November (Fig. 1, arrow "g") . AT adults were recorded in colonies of A. spiraecola on its host plant Vinca major L. completed three generations per year, i.e. SP, SM and AT generations (Fig. 1) . However, there were differences in the days of fi rst occurrence, peak timing and last occurrence of adults and larvae and the patterns in their population dynamics (Fig. 1) . In 2004 and 2009, the peak number of third generation larvae occurred in summer ( Fig. 1;  2004 , arrow "h"; 2009, arrow "k"); however, no adults of this generation were recorded (Fig. 1) . In 2006 and 2011, only one generation, i.e. the peak of SP larvae and adults, was recorded from spring to summer ( Fig. 1; 2006, arrows "i" and "j"; 2011, arrows "m" and "n") . In 2010, despite SM larvae occurring on 14 June (Fig. 1, arrow "l") , no SM teneral adults were recorded (Fig. 1 
Adult activity and weather conditions
Sum of effective temperatures (SET) from winter to the fi rst day of occurrence of OW adults in 2003-2011 are listed in Table 3 . SET varied from 47.3 to 166.6 (Table 3) .
CV values for the fi ve weather parameters, i.e. mean, maximum and minimum temperatures; mean humidity; duration of sunshine on each day [fi rst occurrence (OW and OS adults), peak abundance (OW and AT adults), and last occurrence (AT adults)] for the nine years are presented in Table 4 . CV values for two combinations were lower than 0.1 (Table 4) : the fi rst day of occurrence of OW adults and the maximum temperature (Table 4 , 0.0896) and the day of peak abundance of AT adults and mean humidity (Table  4 , 0.0856).
DISCUSSION
Annual and seasonal occurrence of C. sexmaculata and availability of its aphid prey in an urban environment
On the basis of a long-term fi eld census (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) of the seasonal occurrence of C. sexmaculata in Osaka City this species usually completes three generations a year: SP, SM and AT generations (Fig. 1) . However, the seasonality Fig. 1 (continued) . and number of generations does vary from year to year; for example, the peak of third-generation larvae occurred in summer in some years (2004 and 2009) , while in other years, only one generation was recorded in summer (2006, 2010, and 2011) . This variation in seasonal occurrence may be caused by variation in climatic conditions and/or in the abundance of aphids from year to year, although immigration from and emigration to outside the study area cannot be completely ruled out as a causative factor for this annual variation in phenology. Abundance and species composition of the aphid prey, host plants, microclimate and the surrounding landscape are important as determinants of the presence or absence of coccinellid species at a particular site (Honěk, 2012) . Among these factors, prey availability is likely to be the primary factor determining the activity and reproduction, as reported by Honěk (2012) for other predacious ladybirds, which like C. sexmaculata are dependent on aphids that are an ephemeral resource. Neither aphids nor adult C. sexmaculata were recorded in summer between 2003 and 2011 in Osaka (Fig. 1) . Therefore, it is likely that adults were inactive then due to the lack of prey. In fact, females from a Gifu population of this species continued to oviposit during summer when they were continuously fed aphids (Hukusima & Kouyama, 1974) . This indicates that the summer quiescence of adults is caused by the lack of prey. It is well known that the number of aphids decreases in summer because of high temperatures, maturity of host plants and increased parasitoid activity (Dixon, 1977; Karley et al., 2003) . Warming due to the urban heat island effect in summer may also further reduce the abundance of prey.
Sex ratio was female-biased in four of the years between 2003 and 2011 in Osaka ( Table 2 ). The basic sex ratio in coccinellids is close to 50:50, except when they are infected with a male-killing agent (Nedvěd & Honěk, 2012) . Since females need to bask in order to increase their body temperature for egg production, they are easy to fi nd on plant leaves; this could be a possible reason for the bias.
C. sexmaculata extended its distribution in Japan from Kyushu (33°N) to Kanto-Hokuriku (36°N) between 1930 and 1990, but this spread northwards ceased after the 1990s (Kawakami et al., 2014) . This study indicates that, since the spread north ceased, the Osaka population (35°N) has continuously persisted there. The conditions in urban parks in Osaka, i.e. the urban climate and/or prey availability, may be suitable for this ladybird beetle. In fact, aphids are more abundant in urban parks because of the cultivation there of their host plants (Table 1) , which are watered and sprout again after pruning (Frankie & Ehler, 1978; Raupp et al., 2010) .
Onset of adult activity and potential mechanisms
Sum of effective temperatures from winter up to the fi rst day of occurrence of OW adults were higher than the SET of Kyoto populations (54.3) in 2003-2011, except in 2009 (47.3) (Table 3 ). Even when SETs were exceeded, spring activity did not start. The small CV value indicates that the fi rst day of occurrence of OW adults is related to the daily maximum temperature (Table 4) , thus, OW adults may resume activity on days when temperatures are favourable. Alternatively, OW adults may bask and/or feed on warm days after physiologically emerging from overwintering due to accumulating the required SET. An increase in photoperiod and habitat disturbance is required to break the diapause of ladybirds, in addition to increasing temperatures (Hodek et al., 1977) . C. sexmaculata in Nagai Park seem to overwinter in hibernacula close to V. major, since OW adults and the last AT adults were recorded in A. spiraecola colonies infesting V. major. Since A. spiraecola occurred throughout winter, it is unlikely that the fi rst day of occurrence of OW adults is associated with the availability of this aphid. The Palearctic ladybird species Coccinella septempunctata L., which is adapted to cold conditions, produces one generation in central Japan in winter in artifi cial thermal microhabitats in which aphids occur during winter (Ohashi et al., 2005) . Nevertheless, C. sexmaculata, which originated from tropical and subtropical regions, did not reproduce in winter in Osaka.
In contrast to the beginning of OW adult activity, the fi rst day of occurrence of OS adults may not be related to any meteorological condition. Since OS adults were recorded at the same time as the occurrence of aphids on three host plants (Table 1) , the timing of their activity after aestivation may be associated with prey availability. The time of the peak abundance of AT adults may be related to mean humidity (Table 4) ; AT adults are thus likely to become active when the level of humidity is favourable. As stated above, it is presumed that the beginning of and peak activity of C. sexmaculata adults depends on favourable weather or prey availability.
Harmonia axyridis (Pallas) is known to complete two generations a year on Honshu, the main island of Japan, and overwintering females are in reproductive diapause, whereas, aestivating females are in dormancy (Sakurai et al., 1988) . Currently, the diapause status of C. sexmaculata has not been elucidated for either overwintering or aestivation. In this study, AT larvae and OS adults occurred at al- most the same time, but SP larvae occurred later than OW adults (Fig. 1) . This indicates that OW females could not oviposit immediately after overwintering, since a defi nite period may be necessary for ovarian development. Therefore, the C. sexmaculata that overwinter in Osaka may be in diapause and those that aestivate are dormant.
In conclusion, this fi eld survey clearly indicates that the Osaka population of C. sexmaculata can persist there because of the favourable biotic and abiotic environment that exist in urban green areas. Since this species has extended its distribution recently and was mainly collected from urban areas, urban vegetation may have enabled this distributional expansion. Vegetation moderates urban climatic extremes by absorbing solar radiation and via evapotranspiration, and various insects, including ladybird beetles, and their aphid and scale prey use urban vegetation as habitats (Frankie & Ehler, 1978; McIntyre, 2000; Raupp et al., 2010) . Therefore, for C. sexmaculata in Japan, use of urban vegetation appears to be a crucial factor enabling it to become established and extend its range. To test this hypothesis, comparative studies of population censuses of aphid prey in urban, suburban and rural areas are required, which would elucidate the differences in seasonality, survival and population trends in these habitats. Because it is diffi cult to study rural habitats because of the very low population density of C. sexmaculata, the introduction of egg batches into rural areas and subsequent monitoring may be promising way of studying this species in this habitat.
